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This paper evaluates the risk of a water crisis e a substantial, sudden reduction in water supply e in the
Monterrey Metropolitan Area (MMA), posed by climate threats and the vulnerability of its water supply
system. Our analysis of long-term precipitation, water supply and water availability data reveals that the
MMA is highly vulnerable to recurring periods of exceptionally low precipitation and scarce surface
water availability. We identify two episodes in the recent past (1998 and 2013) when the MMA water
supply system almost collapsed as reservoirs neared depletion in the face of abnormally dry weather.
Furthermore our climate projections point to warmer and drier future conditions for the region and
consequently, heightened climate threats. We conclude that the risk of a water crisis in the MMA is
substantial and probably will increase due to climate change. This establishes a clear and pressing need
for a comprehensive package of adaptation measures to mitigate the consequences of a water crisis
should one occur as well as to reduce the likelihood of such an event.
© 2015 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).1. Introduction
1.1. Background
Water crises e in the form of signiﬁcant declines in water
availability resulting in harmful effects on human health and/or
economic activity e are considered the number one risk the
world currently faces in terms of impacts (WEF, 2015). This
paper evaluates the risk of a water crisis posed by climate
threats and the vulnerability of the water supply system in the
Monterrey Metropolitan Area (MMA), State of Nuevo Leon
(Northeastern Mexico).
In the face of a semi-arid climate, the MMA and its water supply
and distribution system have grown massively over the last six
decades. In 1954, the MMA water company served 29,630 cus-
tomers (homes, businesses, factories and other types of water users
connected to the distribution system) and only 55% of the slightly
less than 0.5 million (M) inhabitants had access to piped water atSisto).
Ltd. This is an open access article uhome (CAPM, 1977). At that time, the MMA’s water supply came
entirely fromwells located within (or at a short distance from) the
urban area. Today an extensive, diversiﬁed portfolio of under-
ground and surface water sources (including three reservoirs: La
Boca, Cerro Prieto and El Cuchillo) supplies the metropolis through
about 400 km of aqueducts and water ring mains (Fig. 1). The water
company serves almost 1.3 M customers and over 99% of the 4.5 M
inhabitants have access to piped water at home.1
Water issues in the MMA reach far beyond the local sphere. The
MMA is Mexico’s third largest urban population center and an
industrial-commercial powerhouse of national importance. As the
largest water user in the middle part of the San Juan River Basin
(SJRB), the MMA has been at the center of regional water conﬂicts,
in particular with downstream agricultural producers in the
neighboring state of Tamaulipas (Scott et al., 2007). Furthermore,
although the Treaty on the “Utilization of Waters of the Colorado
and Tijuana Rivers and of the Rio Grande” of 1944 between the
U.S.A. and Mexico (IBWC, 2015) does not contemplate the SJRB, the
basin plays a signiﬁcant and complex role in the bi-national1 Information obtained from Servicios de Agua y Drenaje de Monterrey (SADM),
the public water company that has served the MMA since 1954.
nder the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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sub-basin of the Rio Grande Basin and San Juan River ﬂows that
enter the Rio Grande automatically become treaty water. Moreover
Mexico has had recourse on occasion to SJRB waters to satisfy its
treaty obligations.1.2. Objectives
This paper’s main objective is to evaluate the risk of a sub-
stantial, sudden reduction in the supply of water to the MMA. We
consider this risk a function of both exogenous climate threats and
the vulnerability of the MMAwater supply system. To this end, the
paper proposes the following three speciﬁc objectives:
(1) To identify climate threats to the water supply system.
(2) To assess the system’s vulnerability to these threats.
(3) To evaluate current and future levels of risk.
The rest of the paper is organized as follows. Sections 2.1 and 2.2
deal with the ﬁrst two speciﬁc objectives, respectively. Section 2.3
tackles the third objective using historical data and Section 2.4
brings in regional climate projections. Section 3 sums up, outlines
several adaptation measures to manage the risk of a water crisis
and offers some ﬁnal remarks.2. Results and discussion
2.1. Climate threats
To identify climate threats to the MMA’s water supply system
we use monthly precipitation data for the central part of Nuevo
Leon, where the water sources that supply the MMA are located.
The precipitation data set consists of the historical records from
seven weather stations operated by the Comision Nacional del Agua
(CONAGUA, the Mexican federal water authority).2 Each record
contains the cumulative precipitation (in millimeters per month,
mm/mo) observed at a particular weather station from January
1941 to December 2014.
We use this data to compute a Standardized Precipitation Index
(SPI) as originally exposed in McKee et al. (1993). This method
transforms raw precipitation data into deviations with respect to a
normalized historical mean value. As such, the index offers an
effective means for the detection of exceptionally dry (or wet)
periods in historical precipitation data series (WMO, 2012). An in-
dex value of between 1 and 1 indicates near normal conditions;
values below 1 (above 1), exceptionally dry (wet) conditions.
Table 1 presents the SPI value table and Table 2, basic descriptive
statistics for our raw precipitation data as well as our calculated SPI
values (for further details on the SPI computation procedure
applied here, see the Appendix A).
The region’s precipitation regime displays two main character-
istics. First, overall dryness: average yearly precipitation amounts
to only 616.1 mm, with a median of 567.6 mm/yr. Second, a high
degree of variability: 44% of monthly precipitation observations are
below half of the historical mean and almost 14%, more than twice
that mean. Fig. 2 reports the monthly precipitation data and Fig. 3,
the monthly SPI values.3 The latter ﬁgure clearly reveals marked2 The weather stations include: 19012 (Cienega de Flores), 19124 (Higueras),
19069 (La Boca), 19033 (Laguna de Sanchez), 19052 (Monterrey), 19054 (Rinconada)
and 19058 (Santa Catarina).
3 The SPI may be calculated for different time scales, from one up to 24 months.
Because of its strong association with surface ﬂows and reservoir levels, we use
here a 12-month SPI.ﬂuctuations in the precipitation regime, in particular several pro-
longed, exceptionally dry periods. From a careful review of SPI
values we identify three such periods of particular relevance for
this paper’s purposes:
(1) The 2011e2013 dry period: 26 consecutive months of
negative SPI values (July 2011 to August 2013). In September
2011 the SPI registered its second-lowest value of the record
(2.3).
(2) The 1990s dry period: 81 months of negative SPI values
within a period of 87 months (June 1994 to August 2001),
interspersed by two short breaks of modestly positive SPI
values (April to July 1997, July and August 1999). The mini-
mum SPI value for that period (1.6) persisted for three
consecutive months (May to July 1998).
(3) The 1950s dry period: the most severe of the record, with 73
consecutive months of negative SPI values (August 1952 and
to August 1958). On June 1953 the SPI registered the lowest
value of the record (3.2).2.2. Vulnerability
Between 1954 and 2013 the supply of water to the MMA grew
almost 14-fold, from 25.29 millions of cubic meters (MCM) in 1954
to 347.02MCM in 2013. With an average year-on-year growth rate
of 5.0%, the expansion in volume supplied although not entirely
smooth has been systematic: a positively sloped linear tendency
line captures 96% of the statistical variation found in the supply
data (Fig. 4). This evidence shows that the MMA’s water supply
system so far has not been signiﬁcantly affected by climate threats
e including the three exceptionally dry periods identiﬁed earlier.
Clearly the risk of a water crisis has not materialized so far. The
water supply infrastructure and technology deployed by the MMA
water company have triumphed over a harsh environment, allow-
ing the metropolis to grow and develop.
Risk not realized however does not mean the absence of risk and
the supply data in fact conceal underlying vulnerabilities. Until
1964 the MMA obtained all of its water from underground sources
(Fig. 4). In 1965 water started ﬂowing from a relatively small
reservoir, La Boca (with a Maximum Operating Storage Capacity of
39.5 million cubic meters, MCM), followed by the Cerro Prieto
reservoir (300.0 MCM) in 1984 and in 1994, the much larger El
Cuchillo reservoir (1123.1 MCM). Since 1994, surface sources have
provided on average about 60% of the MMA’s total water supply.
Increased reliance on surface sources may have enhanced the
system’s vulnerability, as these sources are more sensitive to
climate variability than underground sources, especially in the
short-term as low precipitation rapidly translates into scarce sur-
face run-off and reservoir inﬂows. Moreover, the pronounced
growth in the number of customers served by the system (Fig. 4)
has greatly ampliﬁed the possible consequences of a water crisis.
Between 1954 and 2013 the number of customers grew by a factor
of 39 and as the MMA keeps growing, so will the potential eco-
nomic and social cost of a major disruption in water supply.
Fig. 5 reports the total volume of water stored in each of the
MMA’s three reservoirs on the ﬁrst day of the month from January
1994 to July 2014, as well as the monthly SPI values for the same
period. Fluctuations in the index clearly correlate with variations in
the volumes of stored water and the data show that the excep-
tionally dry periods previously identiﬁed (1994e1999 and
2011e2013) have been associated with especially low water re-
serves. The direction of causality involved here is straightforward:
precipitation causes surface runoff, which translates into reservoir
inﬂows and thus variations in the volume of storedwater. Therefore
Fig. 1. San Juan River Basin (SJRB), Monterrey Metropolitan Area (MMA) and MMA water supply system.
Source: Authors’ own.
Table 1
Standardized Precipitation Index (SPI) value table.
WET Extremely wet >þ2.0
Very wet [þ1.99 ...þ1.50]
Moderately wet [þ1.49 … þ1.00]
NEAR NORMAL [þ0.99 … 0.99]
DRY Moderately dry [1.00 … 1.49]
Very dry [1.50 ... 1.99]
Extremely dry <2.0
Source: Authors’ e adapted from WMO (2012).
Table 2
Descriptive statistics, monthly precipitation (mm/mo) and SPI, central Nuevo Leon,
January 1941eDecember 2014.
Precipitation (mm/mo) SPI
Minimum 0.00 3.17
Mean 51.27 0.00
Median 30.64 0.11
Maximum 440.97 3.08
Standard Deviation 62.08 1.00
Observations (#) 888
Source: Authors’, with data obtained from CONAGUA-Organismo de Cuenca Río
Bravo.
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Fig. 2. Monthly precipitation (mm), central Nuevo Leon, January 1941 to December
2014.
Source: Authors’ with data obtained from CONAGUA-Organismo de Cuenca Río Bravo.
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associated with low (high) volumes of water stored, although the
relationship is not simple and involves time lags as apparent in
Fig. 5.The positive correlations between volumes stored in the three
reservoirs noticeable in Fig. 5 compound the vulnerability of the
system. In particular, volumes stored in the El Cuchillo and Cerro
Prieto reservoirs tend to be simultaneously low (or high) so that no
neither can provide a backstop to compensate for a low volume of
stored water in the other. Table 3 reports the correlation co-
efﬁcients between the volumes of water stored in each of the three
reservoirs as well as the SPI values.
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Fig. 3. Monthly Standardized Precipitation Index (SPI), central Nuevo Leon, January
1941 to December 2014.
Source: Authors’.
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actually available for extraction and supply. Because of the position
of water intakes, water cannot be drawn belowa certain levele this
deﬁnes a reservoir’s Minimum Operating Capacity or, in other
words, the “dead volume” of water present in the reservoir. Over
and above its Maximum Operating Capacity, a reservoir holds
additional capacity up to its Maximum Capacity. This extra capacity
serves as an emergency buffer to temporarily capture and slow
down ﬂood ﬂows in order to limit ﬂood damages downstream from
the reservoir. Water present in this buffer is known as “excess
water”; it has low residence time in the reservoir as it needs to be
promptly released. Excess water therefore does not contribute to
the volume available for extraction and supply. Table 4 reports the
storage capacities of the three MMA reservoirs.
Fig. 6 illustrates the evolution of the total volume of water stored
in the three reservoirs against their aggregate storage capacities (as
reported in the last row of Table 4) for the 1994-2014 period. These
data show that on several occasions water reserves reached criti-
cally low levels, in particular in 1998 and 2013, i.e. during the two
exceptionally dry periods identiﬁed earlier.
To assess the vulnerability of the MMA’s reservoirs we use the
historical frequency distribution of the following quantity:Net Volume Index ¼ Volume StoredMinimum Operating Capacity
Maximum Operating Capacity
 
$100 (1)The Net Volume Index (NVI) scales the total volume of water
stored in the three reservoirs on the ﬁrst day of the month, net of
“dead water” e it therefore measures the utilization rate of the
system’s effective water storage capacity at a particular point in
time. As reported in Fig. 7, between January 1994 and July 2014 on
51 occasions out of a total of 250 months of observations (i.e. 20.4%
of the time) the NVI has presented values below 20% and on three
occasions, below 10%. These historical frequencies underscore the
system’s vulnerability, as relatively low NPI observations tend to
concentrate into continuous runs of declining values. In particular,15 of the 51 aforementioned occasions of low NVI values belong to
just two such runs that occurred in 1998 and 2013.Note that NVI values above 100%, which show a frequency of
15.6% in Fig. 7, do not compensate in any way the threat low NVI
values present to the MMA’s water supply. These extreme NVI
values occur when reservoirs temporarily capture “excess water”
(as deﬁned earlier) and as such, reveal the presence of another type
of climate threat in the region: exceptionally high precipitation
events that generate ﬂood ﬂows. The relatively high frequency of
these NVI values reﬂect the important additional role e beyond
supplying water to the metropolis e played by MMA reservoirs:
ﬂood control to the beneﬁt of communities located downstream
from the MMA.
Table 3
Correlation coefﬁcients, volumes of water stored in MMA reservoirs and SPI values,
January 1994 to July 2014.
El Cuchillo Cerro Prieto La Boca SPI-12
El Cuchillo 1
Cerro Prieto 0.81 1
La Boca 0.42 0.53 1
SPI 0.58 0.59 0.47 1
Source: Authors’.
Table 4
Storage capacities (Minimum Operating, Maximum Operating, Maximum) in MMA
reservoirs (million cubic meters, MCM).
Storage Capacity (MCM)
Reservoir Minimum operating Maximum operating Maximum
El Cuchillo 100.103 1123.143 1784.292
Cerro Prieto 24.833 300.000 393.000
La Boca 0.838 39.487 42.628
Total 125.774 1462.630 2219.920
Source: Authors’ with information from CONAGUA-Organismo de Cuenca Río Bravo.
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The continuous runs of low NVI values registered in 1998 and
2013 display marked similarities (Fig. 8). On both occasions in the
context of an exceptionally dry period, the MMA reservoirs started
the year with a NVI below 25%. Those modest reserves of surface
water then declined systematically over the subsequent months,
leaving the system on the brink of collapse on September 1 when
the NVI reached critically low levels of 6.0% in 1998 and 11.2% in
2013.
Furthermore, on both occasions chance in the form of provi-
dential September rains reversed the water reserves depletion
process and allowed the MMA water supply system to avoid
collapse. In 2013, the reversal proved particularly striking because
of the exceptional precipitations and run-off produced by remnants
of Hurricane Ingrid. Despite the slightly larger volume of water still
available on September 1 2013 compared to September 1 1998, the
level of risk present in 2013 was at least as acute as in 1998 because
of the much larger number of customers served in 2013: 1.2 M
customers in 2013 versus less than 0.7 M in 1998. For that reason on
both occasions remaining reserves would have been exhausted in
about the same amount of time. For the same reason, the economic
and social cost of a water crisis in 2013 would have been certainly
much higher than in 1998.
Chance does not offer a reliable solution for the MMA for
dealing with future events such as occurred in 1998 and 2013. A
more prolonged or intense dry period, similar for example to the
1950s’ period identiﬁed earlier, clearly would have collapsed the
system on both occasions. Moreover, continuous growth of the
MMA and the number of customers served by its water supply
system will not only amplify the consequences of a future water
crisis but also increase the probability of a water crisis material-
izing: in the future, a dry period like 2011e2013 will cause the
depletion of water reserves unless appropriate measures are
adopted beforehand.
The MMA water supply data yield useful information about the
steps taken by its water company in the face of the looming crises of
1998 and 2013 (Table 5). On both occasions, total water supply was
kept more or less constant with respect to the previous year, with
decreases in supply from surface water sources compensated to an
extent by increases in supply from underground sources. A moreintensive use of existing underground water sources did prove
effective at insulating customers from a noticeable reduction in
their water supply. Nonetheless with just a few months more of
scarce reservoir inﬂows this strategy would have been insufﬁcient.
Underground sources have provided the MMA with a historic
maximum of 198.17MCM per year (this occurred in 1979); this
volume represents only 57% of the MMAwater supply registered in
2013. Underground sources therefore would only provide a limited
cushion in case of exhaustion of surface sources, even if we assume
they could provide at short notice as much water as they did in
1979.2.4. Climate projections: future risk
Published climate projections for the southwestern region of
North America (i.e. the American Southwest and Northern Mexico)
suggest increasing aridity over the next century, with higher tem-
peratures, reduced precipitation, increased evaporation and an
overall decline in water availability. For Northern Mexico, average
temperature could increase by up to 5 C and precipitation decrease
by up to 20% by the end of this century (IPCC, 2007). This regional
drying process exhibits a strong seasonal component, with excep-
tionally dry spring conditions projected (Gao et al., 2014). Even
more alarming is the suggestion that exceptionally dry conditions
such as observed in the 1950’s (previously documented here for the
central Nuevo Leon region, see Fig. 3) could become the new normal
for the region within decades (Seager et al., 2007).
Our own climate projections for the central Nuevo Leon regione
generated through statistical downscaling of global circulation
models as well as dynamic downscaling using ensembles of
regional climate models and considering several SRES emissions
scenarios (Aguilar-Barajas et al., 2013) e consistently suggest
warmer and drier conditions, with up to 2 days less of rainy con-
ditions per month. Fig. 9 reports our projections for the Probability
Distribution Function (PDF) of daily mean temperature for
2021e2050 and 2081e2099 as well the historic 1961e1990 tem-
perature PDF. These results indicate a rightward shift in the tem-
perature PDF, with a noticeable fattening of the right tail. This
means that in the future not only temperature will rise overall (by
2 to 3 C), so will the frequency of very high temperatures.
Higher temperatures will intensify threats to the MMA water
supply system. At present large volumes of water evaporate from
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amount of water lost to evaporation represents on average more
than twice the volume extracted for supply to the MMA (Fig. 10).
The drivers of evaporation in a reservoir include temperature, solar
radiation, relative air humidity, wind velocity and the surface and
depth of the waterbody exposed (Jones, 1992). Temperature plays a
crucial role in the process: as temperature increases more water
vapor is required to reach saturation (i.e. 100% relative humidity)
and thus warmer air has the potential to evaporate more waterTable 5
MMA water supply: total, from surface sources and from underground sources (MCM) a
1997e1998
Supply (MCM)
Total Surface Underground
1997 309.75 186.76 122.99
1998 296.66 165.25 131.41
D (%) 4.2 11.5 þ6.8
Source: Authors’ with data obtained from CONAGUA-Organismo de Cuenca Río Bravo.(Gatley, 2013). Higher future temperatures will therefore lead to
increased rates of evaporation and exacerbate the vulnerability of
the MMA water supply system, especially during exceptionally dry
periods.
Climate projections are inherently fraught with uncertainties,
even more so when carried out at a regional scale (as opposed to
the global scale) e and the smaller the region contemplated, the
higher the uncertainties. The projections we present here thus
need to be carefully interpreted. Irrespective of the preceding, it is
important to note that climate change is deﬁnitely not the main
driver of the risk of a water crisis in the MMA. The historical
climate and water availability record amply establish the exis-
tence of that risk. Climate change should therefore be seen as an
additional, secondary factor that will not introduce any new
threats. Rather, its probable effects will consist in reinforcing
existing threats.3. Conclusions
There exists a substantial risk of awater crisis in theMMAdue to
climate threats and the vulnerability of its water supply system.
Moreover climate change will probably intensify this risk, while
continued growth in the MMA will keep amplifying the conse-
quences of a future water crisis. The MMA so far has not suffered a
water crisis through sheer luck, but obviously providential rains do
not constitute a reliable risk management strategy. From this we
conclude that there is a clear and even pressing need for adaptation
measures. We outline here two broad categories of measures. First,
mitigation measures intended to moderate the consequences of and percentage variation with respect to previous year, 1997e1998 and 2012e2013.
2012e2013
Supply (MCM)
Total Surface Underground
2012 352.67 219.11 133.55
2013 347.02 196.82 150.21
D (%) 1.6 10.2 þ12.5
Fig. 9. Probability Distribution Functions of mean daily temperature, historical
(1961e1990) and projected (2021e2050 and 2081e2099), Central Nuevo Leon.
Source: Authors’.
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at increasing the water supply system’s robustness to climate
threats and thus reduce the likelihood of a crisis.3.1. Mitigation measures
The MMA’s water distribution system presents technical fea-
tures that could prove beneﬁcial for dealing effectively and efﬁ-
ciently with a water crisis. In the late 1990s, the MMA water
company started implementing District Metering Areas (DMAs)
that can be individually shut off from the rest of the distribution
system. Nowadays more than 3300 DMAs are in operation, each
serving a relatively small group of spatially clustered customers -
on average, approximately 360 customers per DMA. Such a set up in
principle produces several beneﬁts. Quality of service increases as
maintenance work or emergency repairs may be carried out in a
speciﬁc DMA without suspending the service in the rest of the0
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Fig. 10. Volume lost to evaporation and volume extracted for supply to the MMA
(MCM per year), El Cuchillo reservoir, 2004e2014 (MCM).
Source: Authors’ with data obtained from CONAGUA-Organismo de Cuenca Río Bravo.system. Water distribution efﬁciency also improves as the moni-
toring of ﬂows in individual DMAs facilitates the detection and
location of leaks.
We propose that DMAs turn out ideally suited as a platform for a
precise, targeted emergency water rationing plan. Compared to an
across-the-board reduction for all customers, such a plan could
greatly limit the economic and social consequences of a water crisis
by establishing priorities and focusing water rationing on speciﬁc
DMAs. For example, basic domestic and public-interest water uses
(for example, hospitals and schools) could be protected and the
burden of rationing, shifted to proﬂigate high-end domestic cus-
tomers. Obviously much preliminary work would be required in
order to design such a rationing plan. To begin with, to obtain a
clear picture of the group of customers served in each DMA a
database and a bank of geo-referenced digital maps would be
required. The information on each DMAwould include the number
of customers (in total and by type of use: domestic, commercial,
industrial, etc.), their consuming habits (such as monthly volumes
consumed) and other relevant characteristics (for example, number
of occupants per home in the case of domestic customers and
number of employees per establishment in the case of commercial
or industrial customers). Note that this type of information already
exists but is spread out between the MMA water company billing
data, ofﬁcial population census data and ofﬁcial industrial census
data. The challenge would be to integrate this information into a
coherent and useful database that could then be used to test out
alternative designs of a DMA-based rationing plan and select the
most attractive alternative.
The rationing plan ideally would form part of a forward-looking
emergency protocol to be activated when surface water reserves
reach low levels at the beginning of the year in the context of a
prolonged run of dry-climate months, such as happened in 1998
and 2013. The protocol would include widely circulated warnings
to the public on what to expect in case of a water crisis and clear
explanations about the urgent need to limit or eliminate non-
essential water uses.
3.2. Preventive measures
In order to increase the MMA’s robustness to climate threats
and thus reduce the likelihood of a water crisis, ﬁrst and foremost
the efﬁciency of the existing water supply system should be
maximized. Over the last two decades, the MMA water company
has actively pursued this goal through various supply and demand
management initiatives. On the supply side, the MMA water
company estimates that in 2014, only 5.79% of the volume of water
that entered the distribution systemwas lost to leakage, thanks to
the implementation of DMAs and an expanding program of
remote sensing and automated, real time monitoring of ﬂows.
Also, much progress has been made towards using treated
wastewater for applications that do not require drinking water
quality: in 2013, 15.5MCM of treated wastewater were sold to
large industrial customers. On the demand side, for years the
company has maintained public education campaigns to inform
consumers about the need to limit use and the ways and means to
achieve this.
Unfortunately there is a dearth of information on the speciﬁc
costs and beneﬁts of initiatives so far taken. Nonetheless, overall
results are plain to see. Referring to data previously presented in
Fig. 4, the volume supplied to the MMA in 1994 (the year when the
last new source of water was added to the supply system e the El
Cuchillo reservoir) amounted to 312.5MCM. At that time, the
system served about 621 thousand customers. In 2013, the num-
ber of customers had grown to 1.16 M (an 87% increase compared
to 1994) while the volume supplied only reached 347.0MCM (an
Year Month yt
1941 01 y1
« « «
2014 12 y888
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water supplied per customer in 2013 was almost 41% lower than
in 1994.
Further improvements in system efﬁciencies, including
through increased water rates to suppress demand, could
certainly contribute to limit future water requirements in the
MMA. However continued growth will sooner or later lead to the
necessity of integrating new water sources to the system. The
development of new water sources will present a valuable op-
portunity to deal with the risk of a water crisis in the MMA.
Speciﬁcally, water availability in new sources should be uncorre-
lated (or preferably, negatively correlated) with existing sources
so as not to add to (or ideally, reduce) the current level of systemic
risk. In that sense, the respective advantages and disadvantages of
underground and surface sources deserve careful consideration.
Underground sources are by nature more robust than surface
sources to periods of exceptionally low precipitation. They also
offer an additional advantage: wells do not loose water to
evaporation.
3.3. Final remarks
Managing the risk of a water crisis in the MMA will no doubt
prove a challenging task. Beyond the great need for research on the
beneﬁts and costs of alternative adaptation measures, the technical
difﬁculties involved in the design and implementation of these
measures, as well as their economic costs, an even bigger challenge
lies: governance, in the broadest sense of the word. Clearly the
MMA water company should be expected to play a leading role in
the manner, as it has for the past six decades in solving e with
considerable success so far e the MMA’s water supply challenges.
But today’s and tomorrow’s water challenges are so wide and deep
that multiple actors (local, regional and national) must be involved,
like never before. In this context, coordination between these ac-
tors will certainly raise complex political, institutional and other
issues. In our opinion, much effort, goodwill and wide dissemina-
tion of relevant and solid information will be necessary in order to
achieve such coordination.
Appendix A:. SPI computation procedure
Let xit denote the cumulative precipitation recorded at weather
station i (i ¼ 1,… , n) during month t (t ¼ 1,… , T). In this paper,
n ¼ 7 and T ¼ 888 (January 1941 to December 2014). First we
calculate for each month t, the average of the cumulative pre-
cipitations recorded at the seven stations considered in this paper:
yt ¼
X7
i¼1
xit=7
Next we build a 3-column text table (with one header line) that
contains for each observation, the year, the month and the cumu-
lative precipitation:Note that the same procedure could be employed separately for
each individual weather station; here we use an average of all
stations because of our interest in the region covered by the sta-
tions as a whole. We then feed this table to the SPI_SL_6.exe pro-
gram in order to obtain an output table containing calculated SPI
values. This program originates from the National Drought Miti-
gation Center, University of Nebraska e Lincoln and is widely
accepted and used in drought-related studies. The program is freely
available at:
http://drought.unl.edu/MonitoringTools/
DownloadableSPIProgram.aspx (last checked: 24/08/2015).
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